IntroductIon
Over the past century, temperatures in the Arctic have increased dramatically (Larsen et al., 2014) and, at the same time, shrubs have become increasingly dominant in the Arctic tundra (Tape et al., 2006; Myers-Smith et al., 2011 , 2015 . The expansion of shrubs (particularly deciduous shrubs) may be directly linked to the increasing temperatures (Chapin et al., 1995; Post and Pedersen, 2008) but may also be associated with increased snow cover induced by the shrubs themselves (Sturm et al., 2005) . The increasing dominance of shrubs is expected to have a strong impact on the diversity and function of Arctic ecosystems (Callaghan et al., 2004; Walker et al., 2006) , as well as on the vegetation's ability to act as a carbon sink (Cahoon et al., 2012) . Although tundra ecosystems appear to be strongly influenced by climate changes, how climate interacts with other biotic and abiotic factors to shape the long-term balance between shrubs, forbs, and graminoids in the Arctic tundra is not fully understood.
Herbivory is one of the factors known to have a large impact on how Arctic vegetation responds to climate changes (Myers-Smith et al., 2011; Saito et al., 2013) . Grazing by large herbivores has been demonstrated to counteract the spread of shrubs in some areas (Manseau et al., 1996; Post and Pedersen, 2008; Olofsson et al., 2009; Post et al., 2009) . In some areas, grazing increases the overall productiv-A B S T R A C T Recent studies suggest that climate changes may have a strong impact on the vegetation composition in Arctic ecosystems, causing increasing dominance of woody species. Evidence from short-term studies on the effects of herbivory indicates that this effect may be counteracted by grazing, but it has not yet been studied whether the effect is persistent and general. Here, we present the results from a large-scale, long-term study of the effects of sheep grazing and climate on the relative dominance of woody plants, graminoids, and forbs. The study is based on exclosures established from 1984 onward across a climatic gradient in South Greenland. The relative cover of the three plant functional types was modeled in a state-space model. There was no significant overall change in the relative cover of the three groups, although such changes occurred intermittently on some sites. This suggests that the relative dominance of the plant functional types is resilient to the impacts of grazing and climate changes in the tundra of South Greenland in line with other studies from sites where summer temperatures have not increased. ity of the tundra (Olofsson et al., 2001; Gough et al., 2012) , although the opposite trend is found in others (Bråthen et al., 2007) . Plant species that are not consumed by the herbivores gain a competitive advantage, as do species that are resilient to grazing (Crawley, 1983; Manseau et al., 1996) . Exclosure studies from northern Scandinavia and Alaska have shown graminoids to be favored by reindeer/caribou grazing (Post and Klein, 1996; Olofsson et al., 2001) , whereas the growth of palatable shrubs may be reduced (den Herder et al., 2008; Kitti et al., 2009; Zamin and Grogan, 2013; Bryant et al., 2014; Christie et al., 2015) . In Greenland, exclosure experiments have similarly indicated that herbivory can reduce the spread of shrubs (Post and Pedersen, 2008) .
Although heating and exclosure experiments provide a unique understanding of the mechanisms that control vegetation dynamics in the Arctic tundra, they often suffer from being of relatively short duration. The positive growth responses observed in some heating experiments (Arft et al., 1999) may be of a transient nature due to limited nutrient availability, and the long-term changes in the Arctic vegetation may be more influenced by climatic extremes than by average temperatures. Further, the effects of increasing temperatures are likely to depend on local microclimatic conditions (Cahoon et al., 2012) . Although large-scale, long-term studies are therefore essential for ensuring that an observed ecosystem effect of grazing or climate changes is general (e.g., Turkington, 2009) , only few such data sets are available from the Arctic region (Mulder, 1999) . In this study, we summarized the long-term changes in the plant community across a large-scale climatic gradient based on the cover of the three most important functional types (woody plants, graminoids, and forbs).
We used exclosures to investigate how the relative cover of the most important types of plants was affected by sheep grazing and climate in South Greenland. The experiment, which was initiated in 1984, included plots established across a wide range of climatic conditions and covered a period where increasing temperatures could be expected to cause a gradual shift in the plant community composition. Plant cover-that is, the relative area covered by different plant species in a plot-is an important characteristic of the composition of plant communities (Kent and Coker, 1992; Damgaard, 2013 Damgaard, , 2014 . The objectives of the study were to quantify the observed changes in the relative cover of the three most important functional types in an Arctic ecosystem and estimate the possible effects of (1) sheep grazing and (2) climate changes on plant community composition in order to investigate the importance of grazing as a top-down regulating mechanism on Arctic vegetation and, more specifically, to determine whether grazing has been able to counteract the expected increase in shrub cover due to climate change. The study included plots spanning the entire coast to inland gradient in South Greenland in order to test if the effects of climate changes and grazing were influenced by local climatic conditions and to ensure the generality of our results (objective 3). We use state-space models to analyze the repeated measurement of plant cover (Damgaard, 2012 (Damgaard, , 2015 .
MaterIals and Methods

Site
Data for the present study were collected at nine different sites in the sheep farming district in South Greenland (Fig. 1, Table 1 ). The vegetation in this region is characterized by dwarf-shrub heaths (Austrheim et al., 2008) , although some areas have been converted to farmland with distinct pastures. Each site included one ungrazed plot (inside a fenced exclosure) and one grazed plot in areas with natural vegetation. The two plots on each site were chosen within the same vegetation type based on species composition and less than 300 m apart. The exclosures were established over a period of several years starting in 1984. All exclosures were revisited two to five times during 1988-2012 (Table 1 ). All plots were permanently marked with metal sticks. In the period 1984-2012 the average annual temperature has increased by ~0.1 °C per year in the nearby towns Narsarsuaq and Qaqortoq (Cappelen, 2015) .
The main herbivore in the area is sheep. In recent years, livestock have been introduced, but in fairly low numbers. Icelandic horses are kept at the farms and used when the sheep are gathered in late summer for slaughtering. Further, Arctic hares are present in the area, but their impact on vegetation is expected to be very limited.
Data Sampling
Plant Cover Data
The cover of the different plant species was measured using the pinpoint method (Kent and Coker, 1992) . In each pinpoint analysis, a 1 m 2 square was analyzed using a frame with a fixed grid pattern (a total of 100 equally spaced points), which was placed above the vegetation. A pin was inserted vertically through each grid intersection, and the first species that was hit by the pin was recorded (the species at the top level). A total of four pinpoint frames with fixed positions were analyzed per plot at each visit (5 m apart along a 20 m transect or in a 15 × 15 m square in the vegetation; Fig. 2 ).
To study the effects of grazing and climate on the relative cover of different types of plants, the plants were divided into three functional types: woody plants, graminoids, and forbs. The woody plants included the deciduous species Salix spp., Betula spp., Vaccinium spp., and the evergreen species Thymus praecox, Rhododendron lapponicum, Harrimanella hypnoides, Juniperus communis, and Empetrum nigrum. The evergreen species constituted only 8% of the woody plants, which was insufficient to analyze these as a separate functional type. The graminoid group constituted grasses, sedges, and rushes (Poaceae, Carex spp., and Juncaceae, respectively), and the forbs included, for example, Equisetum spp., Potentilla spp. and Rumex spp. Some pins in the pin-FIGURE 1. Study sites in South Greenland marked by dots (see Table 1 for further explanation).
point analyses did not hit a species that belonged to any of these functional types, and these were categorized as "other" (this type included mosses, lichens, decomposing organic material, rock, bare soil, and water). The vegetation on the dwarf-shrub heaths was generally lower than 50 cm, but when shrubs reached a height of >50 cm only the vegetation below 50 cm was analyzed. A complete list of plant species determined in the pinpoint analyses can be found in Appendix Table A1 .
Grazing Data
The sheep farming district in South Greenland is divided into a number of grazing areas of different sizes. A record of the number of sheep per grazing area is kept at the Agricultural Consulting Services, Qaqortoq. The size of the grazing areas was calculated using data from NunaGIS (http://dk.nunagis. gl, Government of Greenland) and updated based on information from the Agricultural Consulting Services (A. Frederiksen, personal communication) . No general trend in grazing intensity was observed on any of the nine sites over time, but ranged between 2 and 20 sheep km -2 .
Climate Data
As observed climate data are unavailable for our specific study sites, we used modeled climate variables for the period 1989-2012 to account for spatial differences in precipitation and snow cover among the sites. These data were used to investigate if the effects of grazing and climate changes were influenced by local climatic conditions (objective 3). The regional climate model HIRHAM5 (Christensen et al., 2006) was run over a Greenland wide domain at 5 km horizontal resolution, allowing a detailed representation of the spatial variations in the area over time (Lucas-Picher et al., 2012) . Forced by weather reanalysis (ERA-interim, Dee et al., 2011) on the boundaries of its domain, the climate model reproduces weather variations on daily and interannual timescales (Langen et al., 2015) . We extracted the following variables that were expected 1986 , 1988 , 1992 , 1997 , 2004 , 2009 NO 61.2594 , -45.5000 1985 , 1988 , 1992 , 1997 , 2004 , 2009 YES 61.2595 , -45.5010 Narsarsuaq 2 1985 , 1988 , 1992 , 1997 , 2009 NO 61.1808 , -45.4130 1985 , 1988 , 1992 , 1997 , 2009 YES 61.1808 , -45.4143 Qassiarsuk 3 1985 , 1988 , 1992 , 1997 , 2009 NO 61.1656 , -45.5188 1986 , 1988 , 1992 , 1997 , 2009 YES 61.1651 , -45.5177 Itilleq 4 1986 , 1989 ,1997 , 2009 NO 61.0040, -45.4475 1986 , 1989 , 2009 YES 61.0043, -45.4475 Ipiutaq 5 1986 , 1989 , 2012 NO 60.9775, -45.7134 1986 , 1989 , 2012 YES 60.9706, -45.7221 Vatnahverfi 6 1986 , 1988 , 2009 NO 60.8497, -45.3823 1984 , 1988 , 1997 , 2009 YES 60.8454, -45.3648 7 1984 , 1988 , 2004 , 2009 NO 60.8316, -45.4703 1984 , 1986 , 1988 , 2004 , 2009 YES 60.8316, -45.4679 Upernaviarsuk 8 1985 , 1988 , 1997 , 2009 NO 60.7568, -45.8881 1985 , 1988 , 1997 , 2009 YES 60.7560, -45.8865 9 1985 , 1988 , 1997 , 2009 NO 60.7566, -45.8901 1985 , 1988 , 1997 , 2009 to be of biological relevance from the modeled climate variables: mean July temperature, mean January temperature, mean annual precipitation, number of frost-free days, and number of days with snow cover. Over the period where modeled climate variables were available, both the mean annual precipitation and number of days with snow cover decreased, whereas there were no clear trends for number of frost-free days and mean July temperature (see Supporting Online Material, Fig. A1 ). The extracted climate variables were summarized using a principal components analysis (PCA). In total, the first two components of the PCA captured 64% of the variance in the climate variables. The first component was positively correlated with annual precipitation (r = 0.76) and negatively with number of frost-free days (r = -0.70) and mean January temperature (r = -0.55). The second component was most strongly correlated with the mean July temperature (r = 0.92). In order to further simplify the data structure, we calculated the average scores for each of the two principal components for each site. This yielded two time invariant measures of the climate on each site. The two components of the PCA therefore only describe spatial variations in climate, not the temporal variations. These were used in the following analyses.
Trend Analysis Using State-Space Models
A state-space model consists of a structural equation, where the processes that control the change in the mean plant cover over time are modeled, and a measurement equation, where the observations or measurements are coupled to the latent variables-that is, the unknown mean cover at plot j at observation time t. The statespace model may be viewed as a Bayesian generalization of a mixed effects model where the random effects are modeled by the latent variables.
Structural Equation
The structural equation consists of a deterministic part that describes the expected change in cover, and a stochastic part, which describes the variation in the change. The unknown cover of plant functional type i at plot j in year t is modeled by latent variables and denoted x i,j,t and it is assumed that the change in the logit-transformed cover, logit x log
, of each functional type between two visits to a site is modeled by: It was tested whether the expected annual change in logit transformed vegetation cover depended on one or more of the following drivers: (i) the mean grazing intensity at plot j between t 1 and t 2 (g j,t ) (objective 1 of the study), (ii) the first principal climate component at plot j (PC1 j , iii) the second principal climate component at plot j (PC2 j ) (to address objective 3 of our study). This was done by fitting the following hierarchical submodels of the expected annual change to the data:
where a i measures the unexplained change in the cover of functional type i over time, b i measures the effect of grazing, γ i measures the effect of the first principal climate component, δi measure the effect of the second principal climate component, and θ i , ϑ i measure the interaction among the effects of grazing and each of the climate components. Equations 2a and 2b both describe the changes in relative plant cover through time without accounting for effects of variations in local climatic conditions. The possible influence of climate changes is modeled by a i in both models (objective 2), but only Equation 2b includes effects of grazing. If Equation 2b is better supported by data than Equation 2a (based on DIC, see below), it suggests that grazing can counteract the impact of climate changes on the plant cover. Notice that accepting null hypothesis (2a) indicates that the system is resilient toward grazing. Contrary to most commonly used vegetation and species distribution models, it is important to notice that here it is the change in the relative cover of the functional types that is modeled. This means that the null hypothesis of a resilient ecosystem with no vegetation changes is tested directly in the first model (2a). In the second model (2b), it is tested if the local grazing intensity has an effect on the observed vegetation changes. The third model (Equation 2c) accounts for the spatial variation in climate conditions among plots (and possibly additional factors that covary with the climatic gradients) after accounting for effects of grazing. Equation 2d includes the interaction effects between grazing and climate. If model 2d is better than 2c it suggests that the effects of grazing vary depending on the local climatic conditions (hence it addresses our objective 3).
Measurement Equation
Since the latent cover variables were modeled independently for each of the permanent plots, it is assumed that the observed number of pinpoint hits for the four functional types in a given year and plot is distributed according to the multinomial distribution:
where Y i,j,t is the observed number of pinpoint hits for vegetation type i at plot j and year t, n is the total number of hits, and X i,j,t is the vector of latent variables that model the probabilities of hitting one of the four functional types, respectively, with a pin at plot j and year t.
Estimation, Statistical Inference, and Model Comparison
The model was parameterized using numerical Bayesian methods, where the joint posterior distribution of the parameters and the latent variables were calculated using Markov Chain Monte Carlo (MCMC; Metropolis-Hastings) simulations (Carlin and Louis, 1996) with normal candidate distributions from 90,000 MCMC iterations after 10,000 burn-in iterations. The prior distributions of all parameters were assumed to be uniformly distributed in their domain. The domain of the latent cover variables was assumed to be [1 ⁄ 4n, 1-1 ⁄ 4n].
Plots of the sampling chains of all parameters and latent variables were inspected in order to check the mixing properties of the used sampling procedure and the overall fitting properties of the model. The efficiency of the MCMC procedure was also assessed by inspecting the evolution in the model deviance.
Statistical inferences were based on the 95% credibility intervals of the marginal posterior distributions and the calculated change in cover in a given grazing and climate scenario. Different models were com-pared using (i) the deviance information criterion (DIC), which is the mean deviance, -2 log (Y|θ), of the MCMC run plus the "effective" number of free parameters that are also calculated from the MCMC run (Spiegelhalter et al., 2002) ; similarly, as for Akaike information criterion (AIC), the preferred model is the one with the minimum DIC value, and (ii) a stochastic search variable selection method with a slab standard deviation that was set to 100 times larger than the spike standard deviation (O'Hara and Sillanpää, 2009).
All calculations were done with Mathematica (Wolfram, 2013) .
results
We did not find any significant changes in the relative cover of the different functional types during the 28-year observation period, which suggests that climate changes have not had a major impact on the plant community composition in South Greenland (objective 2). In model 2a, which was the model best supported by the observed vegetation data (i.e., it had the lowest DIC; Table 2 ), there was no significant changes in the relative cover of any of the different functional types (Table 3) . The model that included grazing (model 2b) was the second best supported model ( Table 2 ). The lack of support for model 2b (which addresses objective 1 of the study) did not match our expectation that shrubs had become increasingly dominant in the plots where grazing stopped ca. 28 yr ago. There was even less support for the model where variations in local climatic conditions were taken into account (model 2c) or where the effect of grazing was allowed to vary among sites with different climatic conditions (model 2d); hence we have no reason to believe that our findings are not general (objective 3). In order to test the robustness of the DIC-based model comparison, which has been criticized when comparing mixed models (Celeux et al., 2006) , we validated our finding using the stochastic search variable selection method (O'Hara and Sillanpää, 2009), which yielded qualitatively similar results. Although the grazed plots appeared to be less dominated by Deviance information criterion (DIC) for the four models of the expected annual change of the four vegetation types (Models 2a, 2b, 2c, 2d) .
Percentiles of the marginal posterior distributions of the parameters for the best statistical model (Model 2a) for the three functional types (and the residual group "other"). Fig. 3 ), the relative dominance of woody and nonwoody plants had not changed since the exclosures were established on any of the study sites. Graminoids, which was the group expected to be most favored by grazing, had not become less dominant in any of the ungrazed plots.
On the sites where comparable photos were available from 2009 and up to 23 years earlier, the shrub cover did not appear to have increased in the ungrazed plots either (Fig. A2) , suggesting that the findings based on the pinpoint plots are similar for the areas surrounding the plots as well. The increasing occurrence of large shrubs, which is another expected consequence of climate changes in the Arctic, was not evident from the photos. The cover had not changed consistently on the grazed plots either (Fig. A3) .
Although the relative cover of shrubs and other plant functional types appears to be resilient to the presence of grazing (as indicated by the high DIC for model 2b, which included grazing; Table 2), we used the model that included grazing to quantify the yearly changes in relative cover of the different functional types after accounting for possible minor effects of grazing. The Bayesian marginal posterior distributions of the parameters for model 2b are shown in Table 4 . The marginal posterior distribution indicated a close to significant increase in the cover of woody plants in the absence of grazing ( Fig. 4 ; P = 0.06, inferred from the parameter that measures the effect of grazing in Table 4 ;). . ) This corresponds to a median yearly increase of 0.03 in the cover of woody plants on a logit-transformed scale (Table 4 ). The . ) P β woody plants > ( ) = 0 0 17 , but the uncertainty in the estimated expected change in vegetation cover was considerable as a result of the relatively low number of plots with high grazing intensity. The structural variation in the measured effects of grazing, as measured by σ i , was generally high (ranging from 0.2 to 0.3; Table 4 ). This variation is probably mainly due to variation among sampling periods and variation among sites that could not be explained by grazing and the two climate predictors.
dIscussIon
Contrary to our expectations, we did not find any evidence that the climate changes that have been observed in South Greenland over the past 28 years have had a major effect on the relative dominance of plant functional types (woody plants, graminoids, and forbs) ( Table 3 ). There were only minor differences between grazed and ungrazed plots (Fig. 4) , so the lack of an overall change in the vegetation composition was not due to increased "shrubification" in ungrazed plots that was balanced out by decreasing dominance of woody plants in grazed plots. This addresses objectives 1 and 2 of our study. This indicates that the shrub-dominated tundra in South Greenland has been resilient to climate change seen in South Greenland until now, and to a large extent also to the present grazing pressure. A possible explanation for this resilience could be the modest increase in summer temperatures observed in the area, as also suggested by Elmendorf et al. (2012) . The resilience of the vegetation to grazing and climate changes that we observed in South Greenland is contrary to the trend of shrub expansion seen in many Arctic and subarctic regions, a trend that has been connected to climate change (e.g., Tape et al., 2006; Myers-Smith et al., 2011; Rundqvist et al., 2011; Normand et al., 2013) . Jør-gensen et al. (2013) suggested a similar increase in shrub cover. The lack of an effect of grazing in our study also differs from several studies, where grazing by large herbivores has been observed to be able to reverse "shrubification" that has been associated with climate changes (e.g., den Herder et al., 2008; Olofsson et al., 2009; Zamin and Grogan, 2013) .
The local climatic conditions did not affect the relative dominance of the different plant types over time in our study, suggesting that the combined impacts of climate changes and grazing were the same for the entire region (objective 3). The lack of added explanatory value of model 2c (that included spatial variation in climate, but no interactions with grazing) further implies that the change in shrub cover was not accelerated at the warmest sites. It is important to note that although the dominance of woody plants does not differ among sites with different climatic conditions, they may still become increasingly dominant in response to increasing summer temperatures, as found elsewhere in the Arctic (Elmendorf et al., 2012) . Both the species composition, precipitation, snow cover and other climate variables differ among our sites, so the maximum cover that shrubs can attain may be controlled by different factors at different sites. In our study, we found no general increase in the mean July temperature (Fig. A1 ) even though annual average temperatures increased with ~0.1 °C per year during the study period (Cappelen, 2015) . Our results are therefore not contradicting those of Daniëls et al. (2011) from Tasiilaq, Southeast Greenland, and of Jorgenson et al. (2015) from northeast Alaska where vegetation composition and cover were recorded during 40 and 25 years, respectively. At both locations, climate warming had been observed but the composition of vegetation at the community level did not undergo changes. A recent study concluded that climate changes were most likely to affect shrubs at the northern limit of their ranges and at their upper elevation limits (Myers-Smith et al., 2015) . Since none of the shrub species we encountered in South Greenland is at the limit of its range, this is one likely reason why we did not observe any major change in the relative dominance of woody plants and other species over the 28-year study period.
Our study demonstrates how changes in the cover of different plant functional types can be modeled simultaneously using the multinomial distribution. To our knowledge, all previous studies have modeled the cover of one group at a time. We demonstrate how to put correct constraints on the possible domains of the latent variables that model the cover of the vegetation types. These added constraints increase the statistical power of the analysis and reduce the uncertainty when the model is used for predictive purposes. The model framework de-veloped here can be used for guiding similar studies in the future.
This study is one of the first to use a long-term, large-scale study to analyze the combined effects of climate changes, grazing, and other environmental variables on the relative dominance of different plant functional types, and, to our knowledge, the first to do so in the Arctic. The lack of an effect of climate and grazing on the relative cover of woody plants, graminoids, and forbs is most likely due to limited changes in the summer temperatures over the study period. Our study suggests that the relative dominance of the plant functional types is resilient to the impacts of grazing and climate changes in the tundra of South Greenland.
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